Costimulation blockade with the B7-CD28 pathway-specific agent belatacept is now used in clinical kidney transplantation, but its efficacy remains imperfect. Numerous alternate costimulatory pathways have been proposed as targets to synergize with belatacept, one of which being the inducible costimulator (ICOS)-ICOS ligand pathway. Combined ICOS-ICOS-L and CD28-B7 blockade has been shown to prevent rejection in mice, but has not been studied in primates. We therefore tested a novel ICOS-Ig human Fc-fusion protein in a nonhuman primate kidney transplant model alone and in combination with belatacept. ICOS-Ig did not prolong rejection-free survival as a monotherapy or in combination with belatacept. In ICOS-Ig alone treated animals, most graft-infiltrating CD4 + and CD8 + T cells expressed ICOS, and ICOS + T cells were present in peripheral blood to a lesser degree. Adding belatacept reduced the proportion of graft-infiltrating ICOS + T cells and virtually eliminated their presence in peripheral blood. Graft-infiltrating T cells in belatacept-resistant rejection were primarily CD8 + CD28 − , but importantly, very few CD8 + CD28 − T cells expressed ICOS. We conclude that ICOS-Ig, alone or combined with belatacept, does not prolong renal allograft survival in nonhuman primates. This may relate to selective loss of ICOS with CD28 loss.
Introduction
Costimulation blockade (CoB) with the B7-specific fusion protein belatacept has emerged as an alternative to treatment with calcineurin inhibitors (CNIs) for maintenance therapy after kidney transplantation. Use of belatacept is associated with similar 5-year graft survival, better renal function, and improved side effect profiles compared to CNIs (1, 2) . However, belatacept also is associated with an increased early acute rejection rate, indicating that adjuvant agents are needed to control CoB-resistant rejection mediated by CoB-resistant T cell populations (3) .
Numerous costimulatory pathways exist beyond those that are dependent on the B7-CD28 pathway. Preclinical data suggest that blockade of these alternative costimulatory signals may have synergistic effects, and an alternate costimulatory pathway of interest is the inducible costimulator (ICOS)-ICOS ligand pathway. ICOS is a CD28 homologue that is not expressed by naïve T cells, but is rapidly upregulated upon T cell activation and is constitutively expressed by some resting memory T cells (4, 5) . ICOS exclusively binds ICOS ligand (ICOS-L, B7h, B7RP-1), which is expressed on B cells, macrophages, and dendritic cells, and can be induced by inflammatory signals on a variety of non-lymphoid cells (6, 7) . These patterns of expression suggest ICOS-ICOS-L interactions may be important for T cell effector responses. ICOS costimulation has been shown to enhance T cell activation, differentiation, proliferation and effector functions, and T cell-dependent humoral responses such as germinal center formation and isotype switching (4, 5, (8) (9) (10) . ICOS-ICOS-L interaction is critical for IL-4 and IL-10, but not IL-2, production (8) .
In transplantation, ICOS + T cells have been detected in rejected allografts from rodents and nonhuman primates (11) (12) (13) , and in human renal allograft biopsies (14) . CD8 + memory T cells, thought to be critical mediators of CoB-resistant rejection, have been shown to infiltrate the allograft within 24 hours after reperfusion (15) and upregulate ICOS within the first 72 hours as they divide within the allograft (16) . Consistent with their known relative costimulation-independent nature, TCR engagement alone without CD28-B7 signaling is sufficient to induce ICOS upregulation on CD8 + memory T cells (16) . In mice ICOS costimulation has been shown to augment contact hypersensitivity at secondary challenge more profoundly than at sensitization, further confirming the functional role of ICOS signaling in memory T cells and secondary effector responses (5) . Given these findings, blocking ICOS-ICOS-L interactions may specifically target memory T cells, particularly alloreactive populations that are resistant to belatacept.
Many studies have examined the effect of ICOS blockade alone or paired with other costimulation blockade agents. ICOS blockade alone has yielded modest improvement in graft survival (11, 17) , while combined ICOS and CD40-CD154 blockade demonstrated prolonged graft survival in rodent models (13, 18) . Several reports highlight the effect of ICOS signaling in the CD28-deficient murine setting. ICOS is upregulated upon TCR engagement and CD28 costimulation in naïve T cells, but ICOS costimulation is able to induce proliferation in T cells from mice deficient in CD28, indicating that ICOS signaling can provide adequate costimulation independent of CD28 (5) . Furthermore, ICOS blockade significantly prolongs cardiac allograft survival in CD28-deficient mice (19) .
Interestingly, combined CD28-B7 and ICOS blockade has yielded mixed results in animal studies. Combined CTLA4-Ig and ICOS blockade led to long-term allograft survival in murine cardiac and islet transplant models (13, 17) . In a rat cardiac allograft model, ICOS-Ig alone had no effect on mean graft survival and abrogated the beneficial effect of CTLA4-Ig when used in combination (20) . B7RP-1 ligation with ICOS-Ig treatment was found to decrease B7 expression on antigen presenting cells (APCs) in vivo, potentially accounting for these results. Additionally, administration of ICOS blockade in an early or delayed fashion produced dichotomous results, with results favoring delayed ICOS blockade (19) (20) (21) . To date, there are no published studies testing ICOS pathway blockade in a large animal model. Additionally, given the problems surrounding clinical translation of CD40-CD154 pathway blockade, we chose to pair ICOS-ICOSL blockade with the clinically available CD28-B7 costimulation blocker, belatacept, in a MHC-mismatched nonhuman primate model of kidney transplantation. In this study, ICOS-ICOS-L disruption with ICOS-Ig, a human Fc-fusion protein, did not prolong renal allograft survival when given alone or in combination with belatacept.
Materials and Methods

Donor-recipient pair selection and kidney transplantation
All experiments described herein were performed in compliance with the principles set forth in "The Guide for the Care and Use of Laboratory Animals" (Institute of Laboratory Animal Resources, National Research Council, DHHS). Outbred rhesus monkeys (Macaca mulatta) ranging between 3-5 years old were obtained from AlphaGenesis, Inc. (Yemassee, SC, USA) and Yerkes National Primate Research Center (Lawrenceville, GA, USA). Donorrecipient pairs were chosen to maximize genetic disparity at both MHC class I and class II alleles based on 454 deep sequencing analysis (University of Wisconsin, Madison, WI, USA). Kidney transplantation was performed using standard microvascular techniques (22) . Animals were heparinized (100 Units/kg) during organ procurement and implantation. Left native nephrectomy was performed at least 3 weeks prior to transplantation, and a completion right native nephrectomy was performed at the time of transplantation. All transplanted animals were monitored with daily clinical assessment and serial laboratory evaluations, including complete blood count and serum chemistry.
NHP experimental groups and immunomodulation
A total of 9 rhesus monkeys in 3 experimental groups were transplanted in this study. Three animals per group received maintenance therapy with either ICOS-Ig alone (Perseid Therapeutics, Redwood, CA, USA), belatacept alone (Nulojix; Bristol-Myers Squibb, New York, NY, USA), or combination ICOS-Ig and belatacept. ICOS-Ig was given at 10 mg/kg IV on day 0, followed by 5 mg/kg on days 3, 7, 14, 21, and 28. Belatacept (20 mg/kg IV) was given on days 0, 3, 7, and 14, every two weeks for 6 months, and then monthly thereafter ( Figure 1 ). All animals received a single dose of methylprednisolone (15 mg/kg) at the time of transplantation. ICOS-Ig dosing was based on preliminary dosing and receptor occupancy studies (Supplemental Figure) . Data from experimental groups were compared to historical untreated controls. ICOS-Ig was provided by Perseid Therapeutics, and belatacept was provided by Bristol-Myers Squibb.
Histopathology and immunohistochemistry
All kidney allograft specimens were prepared by a histopathologist (MS) and scored by a nephropathologist (ABF). Kidneys were preserved in 10% formalin and embedded in paraffin. Standard hematoxylin and eosin staining was performed on all nephrectomy specimens. Samples were graded for rejection based on modified 1997 Banff scoring criteria (23) . Immunohistochemistry was performed on rejected allografts to detect expression of ICOS and ICOS-L. Briefly, tissues sections were deparaffinized and labeled with rabbit antihuman ICOS antibody (Abcam, Cambridge, MA, USA) or ICOS-Ig (Perseid Therapeutics) and then visualized using the LSAB+ labeled Streptavidin-Biotin kit (DAKO, Carpinteria, CA, USA). Nuclei were counterstained with hematoxylin.
Isolation of graft-infiltrating lymphocytes
To isolate graft-infiltrating lymphocytes, rejected allografts were mechanically disrupted and filtered through 70µM cell strainers. Cell suspensions were separated by Ficoll-Paque density gradient centrifugation (GE Healthcare Life Sciences, Sweden) to isolate peripheral blood mononuclear cells (PBMCs). PBMCs were washed twice and counted prior to antibody staining.
Antibodies and flow cytometric analysis
Flow cytometric analysis was performed pre-transplant and serially post-transplant to characterize peripheral blood immune cell phenotypes. Total T cells and T cell subsets were quantified by complete blood cell count and flow cytometry. Fresh PBMCs were isolated by ficoll density gradient centrifugation (BD Biosciences, Franklin Lakes, NJ, USA). PBMCs were stained with the following monoclonal antibodies: CD3 PacBlue, CD3 APC-Cy7, CD4 PerCP-Cy5.5, CD8 V500, CD28 PE-Cy7, CD127 PE-Cy7, PD-1 APC, ICOS PE, LFA-1 APC, CD45RA PE-Cy7, CD20 APC-Cy7 (all BD Biosciences), CD95 PacBlue, CD69 FITC (Invitrogen, Grand Island, NY, USA), and CD25 PE (Miltenyi Biotech, Germany). PBMCs (1.5 × 10 6 ) were incubated with appropriately titered antibodies for 15 minutes at 4°C and washed twice. For intracellular staining, cells were fixed and permeabilized using the BD Cytofix/Cytoperm kit (BD Biosciences) according to the manufacturer's instructions. Intracellular staining was performed with FoxP3 Alexa488 (Biolegend, San Diego, CA, USA) to detect regulatory T (T Reg ) cells. Samples were acquired immediately on a BD LSR II multicolor flow cytometer, and data were analyzed using FlowJo software (Tree Star, San Carlos, CA, USA). For the stimulation assay, 1.5 × 10 6 PBMCs were cultured in RPMI 1640 (Corning cellgro, Manassas, VA, USA) supplemented with 10% fetal bovine serum and stimulated with 10 µM phorbol 12-myristate 13-acetate (PMA) and 200 nM ionomycin (Sigma-Aldrich, St. Louis, MO, USA) for 24 hours. PBMCs were washed twice prior to antibody staining and data acquisition.
Statistics
Survival statistics were calculated using a log-rank test. T cell frequencies were compared using a nonparametric Mann-Whitney U test. Data were analyzed using Prism 6 (GraphPad Software, La Jolla, CA, USA). A two-tailed p-value of <0.05 was considered statistically significant.
Results
ICOS is expressed on resting and activated memory T cells in rhesus macaques
Previous studies have shown that ICOS is constitutively expressed on some resting memory T cells in aged mice (5) . To investigate the expression of ICOS on resting and activated T cells in nonhuman primates, flow cytometric analysis was performed on PBMCs from 11 healthy rhesus macaques. Six young (1-3 years old) and 5 older (6-12 years old) monkeys were chosen to represent a range of antigen experience and immune repertoires. Memory T cells were defined by CD28 and CD95 expression (24) . A subset of resting CD4 + and CD8 + CD28 + CD95 hi central memory T (T CM ) cells expressed ICOS. However, resting CD28 + CD95 lo naïve T (T N ) cells and CD28 − CD95 hi effector memory T (25) cells lacked ICOS expression ( Figure 2A ).
To assess the magnitude of ICOS upregulation after activation, resting PBMCs were activated using PMA/ionomycin and analyzed for ICOS expression. CD4 + and CD8 + CD28 + T cells readily upregulated ICOS upon activation ( Figure 2B , 2C). Only older monkeys consistently had significant CD4 + CD28 − populations at baseline (15-71% of total CD4 + T cells; data not shown), and up to 80% of this population upregulated ICOS. CD8 + CD28 − T cells comprised 28-52% of all CD8 + T cells in young animals and 64-95% of all CD8 + T cells in older monkeys (data not shown). Compared to the CD8 + CD28 + subset, CD8 + CD28 − T cells in both young and old monkeys demonstrated a decreased ability to upregulate ICOS after activation (p=0.0001). These data characterize the variability of ICOS expression with changes in age, CD28 status, and activation state.
ICOS and ICOS-L expressing cells infiltrate the allograft in belatacept-resistant rejection
To determine the presence of ICOS and ICOS-L in belatacept-resistant rejection, immunohistochemistry was performed on renal allografts from animals that rejected on belatacept monotherapy. Rejected allografts were stained with anti-ICOS (Figure 3 , top row) or ICOS-Ig to detect ICOS-L (Figure 3 , bottom row). Both ICOS and ICOS-L were identified in interstitial infiltrates in allografts with belatacept-resistant rejection. These expression patterns verify this pathway is a potential avenue for therapeutic intervention in belatacept-resistant rejection and can be targeted by ICOS-Ig in this model.
ICOS-Ig does not enhance renal allograft survival when given alone or in combination with belatacept
Studies in rodents have shown mixed results when pairing ICOS-ICOS-L and CD28-B7 blockade, and no studies have been done in large animal models. Therefore, we tested combined ICOS-ICOS-L and CD28-B7 blockade in a robust nonhuman primate model. Nine rhesus monkeys underwent MHC-mismatched renal allotransplantation and received maintenance therapy with ICOS-Ig alone, belatacept alone or combination ICOS-Ig and belatacept (Figure 4 ). All 3 animals that received ICOS-Ig alone acutely rejected their allografts by post-transplant day 6, similar to untreated controls. Animals receiving belatacept monotherapy had improved graft survival (44, 71, 385+ days). One animal in the belatacept alone group was sacrificed over 1 year after transplant with a functioning allograft. Three animals received combined ICOS-Ig and belatacept treatment and rejectionfree survivals were 35, 44 and 45 days ( Table 1) .
Standard hematoxylin and eosin staining was performed on all allograft specimens. Rejected allografts were characterized by dense lymphocytic infiltrates, extensive tubulitis, and endarteritis ( Figure 5 ). All rejections were acute cellular mediated rejections, ranging from Banff IIA to III. Two belatacept alone animals experienced Banff IIA rejection. However, rejected allografts from all 3 animals receiving ICOS-Ig and belatacept demonstrated more severe pathology, including arteritis with fibrinoid change and transmural arteritis, and these rejections were graded Banff III. We concluded that the addition of ICOS-Ig did not prolong renal allograft survival, alone or in combination with belatacept. Although ICOS-Ig did not clearly abrogate the beneficial effect of CD28-B7 blockade with belatacept in this study, as demonstrated by a previous report (20) , there was a trend toward decreased rejection-free survival and more severe rejection pathology with combined ICOS-Ig and belatacept therapy.
CD4 + and CD8 + ICOS + T cells infiltrate rejected allografts
PBMCs and graft-infiltrating lymphocytes from rejected kidneys were isolated and flow cytometric analysis was performed to examine expression of ICOS and CD28. In animals treated with ICOS-Ig alone, ICOS was widely upregulated on CD4 + and CD8 + T cells in both peripheral blood and in the allograft ( Figure 6A ). Animals that received belatacept, with or without ICOS-Ig, showed distinctly different T cell phenotypes in peripheral blood and the allograft. Belatacept reduced the frequency of ICOS + T cells, such that peripheral blood was almost devoid of CD4 + or CD8 + ICOS + cells. CD4 + and CD8 + ICOS + T cells were isolated from the allograft, albeit at a lower frequency than the ICOS-Ig alone group. Since the belatacept alone and combined belatacept/ICOS-Ig animals displayed similar T cell phenotypes, these groups were combined in subsequent statistical analyses. There was a significant diminution in peripheral blood and graft-infiltrating ICOS + T cells in animals that received belatacept, with or without ICOS-Ig, compared to those that received ICOS-Ig alone (p=0.03; Figure 6A ).
CD28 − graft-infiltrating T cells lack ICOS expression
Alloreactive T EM cells are characterized by diminished requirements for costimulation and the ability to traffic rapidly to the allograft and exert effector function (26, 27) . Therefore, graft-infiltrating lymphocytes were analyzed for memory phenotypes and ICOS expression. The frequency of graft-infiltrating CD4 + and CD8 + CD28 − CD95 hi T EM cells was increased in animals that received belatacept compared to ICOS-Ig alone animals (p=0.03; Figure 6B ), supporting the integral role of these populations in belatacept-resistant rejection. In contrast, ICOS-Ig alone treated animals expressed higher percentages of graft-infiltrating CD28 + T cells. While belatacept can control alloreactive CD28 + naïve T cell responses effectively, it appears that ICOS-Ig did not prevent this population from rapidly proliferating and promoting rejection. group, the majority of CD4 + ICOS + ( Figure 6C ) and CD8 + ICOS + graft-infiltrating T cells ( Figure 6D ) co-expressed CD28. Belatacept significantly decreased the frequency of ICOS + CD28 + T cells compared to the ICOS-Ig alone group. Among CD4 + graft-infiltrating T cells, ICOS + CD28 − T cells were barely detectable (0-0.4%; Figure 6C ). Although the majority of belatacept-resistant, graft-infiltrating CD8 + T cells were CD28 − , ICOS + CD28 − T cells represented only 2.8-9.6% of total CD8 + graft-infiltrating T cells ( Figure 6D ). The frequency of ICOS + CD28 − T cells was significantly lower than ICOS + CD28 + T cells when comparing animals across all treatment groups in both CD4 + and CD8 + populations (p=0.002). Therefore, most of the CD28 − T cells that are presumed to escape belatacept inhibition do not express ICOS and would not be targeted by ICOS-ICOS-L blockade, underscoring the costimulation-independent nature of this population.
Discussion
ICOS is an activation-induced, CD28-related costimulatory molecule that has garnered attention as a potential target for therapeutic intervention in transplantation. Previous studies in rodent models suggested that ICOS blockade might address specific cell populations that are important in CoB-resistant allograft rejection. Our initial data in nonhuman primates demonstrated that ICOS was widely expressed on activated T cells, and both ICOS and ICOS-L were identified in renal allografts from animals with belatacept-resistant rejection. Therefore, we tested the effect of ICOS-ICOS-L blockade in a rigorous MHC-mismatched nonhuman primate kidney transplant model. We found that ICOS-ICOS-L blockade with ICOS-Ig failed to prolong renal allograft survival when used as monotherapy or in combination with CD28-B7 inhibition with belatacept.
In this study, rhesus monkeys received immediate ICOS blockade beginning the day of transplantation. However, several studies in naïve rodent models have shown beneficial effects of delayed, and not immediate, ICOS blockade after transplantation (19) (20) (21) . Similarly, in a model of experimental allergic encephalomyelitis where disease is mediated by Th1 cells, ICOS blockade during the T cell priming phase exacerbated disease, while delayed ICOS blockade during the effector phase alleviated it (28) . ICOS costimulation is involved in both Th1 and Th2 cell differentiation, though it appears to be more critical for Th2 development (8, 29) . One hypothesis is that early ICOS blockade during the T cell priming phase may skew T cell differentiation toward a Th1 phenotype. However, studies have shown inconsistent results in terms of Th1/Th2 cytokine deviation after ICOS pathway blockade (20, 28) .
Alternatively, ICOS has been implicated in the maintenance and development of key regulatory cell populations. ICOS-deficient mice showed reduced CD4 + FoxP3 + regulatory T (T Reg ) cells, indicating a role for ICOS in T Reg homeostasis (30) . In an allergen-induced airway hyperreactivity model, ICOS-ICOS-L interactions were necessary to promote the development and function of antigen-specific, IL-10-producing T Reg cells (31) . ICOS-ICOS-L disruption has also been shown to interfere with the generation and suppressive quality of induced T Reg cells (32) . Therefore, early ICOS blockade could abrogate the development of these important regulatory populations. In our study, CD4 + CD25 hi FoxP3 + T Reg cells were equally reduced in quantity in both combined ICOS-Ig/belatacept and belatacept alone animals (data not shown), consistent with our previous work showing a reduction in T Reg cells with belatacept treatment in this model (33) . However, we did not perform functional analysis of these cell populations to assess potential alterations in their suppressive capabilities.
Regardless of the cause, the beneficial effects of delayed ICOS blockade in naïve rodent models may not be reproduced in large, outbred animal models, such as nonhuman primates, which are equipped with significantly more antigen-experienced immune repertoires than naïve rodents. Among our typical rhesus transplant recipients, memory T cells can account for over half the T cell repertoire, a composition that is more reminiscent of humans and accentuates the relevance of this preclinical transplant model. We studied baseline ICOS expression in healthy rhesus monkeys and found that up to 20% of CD4 + and 3.5% of CD8 + resting memory T cells express ICOS. In vitro stimulation for 24 hours resulted in dramatic ICOS upregulation, particularly in CD28 + T cells. We hypothesized that immediate ICOS blockade would be necessary to control these populations after transplantation. In mice, ICOS blockade has been shown to reduce allograft infiltration of recently activated effectors (18) , and reduce effector function, but not infiltration or proliferation, of allospecific CD8 + memory T cells (16) . However, in this study ICOS-Ig alone treated animals rejected with the same kinetics as untreated controls, indicating that if there was a decrease in migration or effector function of CD8 + T cells it was insufficient to delay clinical rejection in this robust model.
Combined ICOS and CD28 pathway blockade did not synergize to enhance graft survival in this study; in fact, there was a trend toward decreased allograft survival and more severe rejection when both costimulatory pathways were inhibited. Previous work has demonstrated that the addition of ICOS blockade abrogated the beneficial effects of CTLA4-Ig in a rat cardiac allograft model (20) . Ligation of B7RP1 with ICOS-Ig was shown to decrease expression of B7 molecules on APCs in vivo, but not in vitro, indicating that the disruption of ICOS-ICOS-L interactions is necessary for B7 downregulation. Thus, the lack of synergy between belatacept and ICOS-ICOS-L blockade in this study could be attributed in part to an ICOS-Ig-induced diminution in the number of B7 targets for both belatacept blockade and CTLA4 inhibitory signaling. Alternatively, we demonstrated a decrease in the frequency of ICOS + T cells in belatacept treated animals in this study. In a murine model, both CTLA4-Ig and selective CD28 blockade resulted in impaired upregulation of ICOS after alloactivation (34) . Therefore, treatment with CD28-B7 costimulation blockade appears to hinder ICOS upregulation and may also explain the lack of efficacy of combined belatacept and ICOS-Ig in this study.
Alloreactive CD8 + CD28 − T EM cells are hypothesized to be critical mediators of belataceptresistant rejection, as they can function with relative independence from CD28 costimulation and thus may escape belatacept control (25) . In this study the majority of graft-infiltrating lymphocytes at rejection were CD8 + CD28 − T cells, but few of these cells expressed ICOS. In fact, ICOS + graft-infiltrating T cells demonstrated a striking co-expression with CD28. This difference in ICOS expression between CD28 + and CD28 − cells was even more pronounced in the context of transplantation than observed in our initial in vitro stimulation studies, and the reduction of ICOS expression in CD28 − T cells was demonstrated in all treatment groups. These data suggest that ICOS expression in T cells may be more intimately linked to CD28 expression than previous elaborated or that CD28 − T cells can function independent of ICOS costimulation. Habicht, et al used CD4 − CD28 − and CD8 − CD28 − mice to investigate mechanisms of CD28-independent rejection and found that blockade of CD40-CD154 and CD134-CD134L interactions, but not the ICOS-ICOS-L pathway, prolonged allograft survival (35) . Similarly, these data show that ICOS-ICOS-L blockade was not able to overcome belatacept-resistant, CD28-independent allograft rejection. Taken together, our results suggest that the ICOS-ICOS-L pathway is not the ideal target to prevent belatacept-resistant rejection. 
